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INTRODUCTION 
The ability to measure the thickness of paint on graphite/epoxy composite structures 
directly would be of benefit in the aerospace industry. The weight reduction would 
increase fuel mileage for the airline customer. An additional reason for reducing the 
thickness of paint on graphite/epoxy composites is not as obvious as the weight savings. A 
concern in the use of composite structures has been the effect of paint chipping after 2 to 3 
years of service life. It has been postulated that the primary cause has been the application 
of surfacer or primer. The primer is less plastic than the top layer of paint and cracks form 
as the primer goes through temperature cycles. If the primer or surfacer is too thick, the 
crazing is more likely than with thinner applications of primer or surfacer. 
The instrument supports the following features: 
measurement range of 0.000 to 0.0 I 0 inch on graphite/epoxy composite materials 
and metals, 
use is similar to eddy current instruments, 
portability (sensor weighs 2.5 pounds, processor weighs 5.5 pounds), 
battery powered, 
mean average of every five saved readings, 
automated shutdown when internal air pressure approaches ambient air 
pressure, 
storage of 80 measurements with date and time stamp, and 
download of data to desktop computer. 
Experimental results are presented showing comparisons to micrograph results, 
comparison to eddy current measurements on meta!, and expected performance using gage 
reproducibility and repeatability procedures. 
Other possible uses include the identification of resin-rich areas, location of fiberglass 
splices, and first-layer fiber orientation on painted parts. One process application where the 
instrument can be used is to control the surface preparation of graphite/epoxy composites. 
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APPROACH 
Description 
Figure l shows a photograph of the completed system. The main enclosure contains 
the electronics and batteries. The smaller sensor enclosure houses the sensor. Several 
concepts for the sensor enclosure were modeled and tried before the final configuration. 
The objectives for the sensor enclosure were to reduce the size and weight of the sensor. 
The handheld enclosure weighs approximately 1.5 pounds with the sensor. 
The design ofthe main enclosure is driven by the need to maintain a positive internal 
pressure. To support the positive internal pressure, a novel o-ring construction is used. In 
addition to the pressure switch, the top Iid includes the LCD with o-ring, a smaller access 
Iid with o-ring, and custom magnetic and reed switches. For additional safety, the Iid 
includes a relief air valve at I 0 psi. The main enclosure weighs about 6.5 pounds with the 
batteries included. 
The software is a combination of C and assembly code for the microcontroller. 
Assembly language is used to control the LCD, a/d converter, and time and date stamp the 
measurements. C language is used to develop the convert a/d counts to milli-inches, the 
user interface, and the data download. Up to 80 readings can be stored in memory before 
downloading the information to a PC. 
Test Design 
A variety of tests were carried out along the development of the sensor. The 
characteristics tested include accuracy, range, repeatability, linearity, stability, and gage 
Figure 1. Photograph of the paint thickness measurement instrument. 
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repeatability and reproducibility (gage R&R). Trials on actual production parts were used 
in the design phases to obtain feedback on the ergometric design. 
The range, accuracy, and linearity were assessed by comparing measurements of plastic 
shim stock on a standard measuring machine to measurements reported by the instrument. 
Two operators, three trials, and ten parts were used to establish an estimate of gage 
R&R. The results were analyzed using Boeing SQC version 5.1. Stability was established 
by comparing readings over a time period. 
In addition, two sets of comparisons of the paint thickness measurement of an eddy 
current instrument were made. The substrate used in the testing was aluminum. The first 
set is 15 aluminum rectangles painted with tint type 1. The second set is 13 aluminum 
rectangles painted with tint type 2. Each sample was measured five times with each gage. 
An ANOVA testwas used to test whether the gages measured differently. 
In addition, an estimate of the dielectric constant of each sample was made by 
measuring the capacitance at 1 kHz. U sing the thickness measl.jrement from the eddy 
current instrument and the known area of the sensor, the relative dielectric constant could 
be estimated. The correlation between the difference in the thickness measurements and 
the relative dielectric constant was found. The dielectric constant determined using this 
method for Kapton was 3.4, which is identical to what is listed by the manufacturer. 
RESULTS 
Accuracy, Linearity, and Range 
Numerous accuracy tests were completed. One of the siruplest was a comparison of the 
measurements to samples that were micrographed. Sampie A was sectioned and measured 
to be 0.0023 inch, and Sampie B was measured as 0.0025 inch. The mean and standard 
deviation for Sampie A was 0.002371 inch and 0.00015 inch, respectively. The mean and 
standard deviation for Sampie B was 0.00251 inch and 0.00011 inch, respectively. 
Further accuracy and linearity testing was done by comparing measurements of plastic 
shim standards to the instrument's measurements. The results of six measurements each 
with 10 plastic shims are shown in Table I. 
The useful range ofthe instrument is set to 0.000 to 0.010 inches ofpaint on 
graphite/epoxy composites. Thus, the instrument is weil within the requirements for most 
thicknesses, except at 2.0 and 5.0 milli-inches where it is close to the Iimit. 
Gage Reproducibility and Repeatability 
The gage R&R was ± 0.00029 inch for ten painted samples, three trials, and two 
operators (±3cr). The repeatabilitywas the largest component at ±0.00029 inch. 
Stability 
Early studies of the instrument when it was enclosed showed that there was significant 
drift of the measurement near zero. Several tests were done to compare passive cooling and 
active cooling techniques. Based on the results, a brushless DC fan was added to the 
design. 
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Table I. Summary of results using certified plastic shims. The first column represents 
measurements using a standard measuring machine 
Measurement Mean St. Dev Diff. Total 
(mils) (mils) (mils) (mils) uncert 
(mils) 
0.247 0.243 0.026 -0.004 0.056 
0.5 0.497 0.036 -0.003 0.075 
0.765 0.689 0.031 -0.076 0.138 
0.951 0.885 0.054 -0.066 0.174 
2.04 1.98 0.071 -0.060 0.202 
2.91 3.00 0.026 0.090 0.142 
4.99 5.41 0.034 0.420 0.488 
7.54 7.73 0.018 0.190 0.226 
10.12 9.96 0.078 -0.160 0.316 
12.82 12.31 0.016 -0.510 0.542 
Material Effects 
Testing showed that the unit could be used on both tape and woven fabric 
graphite/epoxy materials. Other materials where the sensor could be used include 
conductive metals, ferrous and non-ferrous fiberglass with an embedded wire mesh, and 
graphite/epoxy fabric with a rubber coating. 
With graphite/ep~xy tape, the instrument requires that the top layer of fiber be oriented 
normal to the sensor. The apparent paint thickness is minimal when the fiber is normal to 
the sensor. The instrument can be used to determine the orientation of the top ply layer on 
painted surfaces. 
There are two structural features that the instrument is sensitive and can be used to 
determine the location of underlying structure. The instrument can detect the location of 
the fiberglass splices on the part. The apparent paint thickness at the fiberglass splice was 
0.0018 inch thicker than the surrounding area. 
The instrument is sensitive to changes in the amount of resin in the composite substrate. 
The apparent paint thickness increases in regions where the resin pools. Conversely, the 
apparent paint thickness decreases in resin-starved regions. Micrographs of resin-rich areas 
show that the resin pools at the surface and forces the top layer of graphite fibers away 
from the surface. Resin-rich areas tend to occur along the edges of the flange of a stringer 
attached to the skin panel. Resin-poor areas occur along the centerline of a Stringer. 
The contribution of the dielectric was small. Testing indicated that if the calibration 
was done using an air gap created by metal shims 1.1 inch apart then the measurements 
corresponded to paint thickness. Table II shows the measurements on various samples 
using micrography and Iaser scan measurements. The results were similar measurements 
when plastic shims or air gaps were used to calibrate. 
Table II. Comparison of calibration methods 
Sampie A SampleB Area 1 Area2 Area3 
actual 2.4 2.8 0.8 .8 1.2 
plastic 2.9 3.02 1.0 0.87 1.02 
shim 
air gap 2.9 3.2 0.94 0.79 1.04 
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Comparison to Eddy Current Measurements on Alurninum 
For the tint type l painted samples, the overall mean of the eddy current measurements 
was 1.88 milli-inches and the overall mean of the instrument measurements was 1.84 milli-
inches. The F statistic for the comparison of the eddy current is calculated by dividing the 
mean square of the columns by the mean square of the interaction which is appropriate for 
a fixed effect. See Table III for the summary of the ANOV A analysis. The F statistic was 
2.65, which was not statistically significant at the 0.05 Ievel. The correlation coefficient 
between the eddy current is 0.825, which is a strong relationship. The correlation 
coefficient between the difference in the measurements and the dielectric constant was 
0.33, which is a mild relationship. 
For the tint type 2 painted samples, the overall mean of the eddy current measurements 
was 2.77 milli-inches and the overall mean of the measurements was 2.80 milli-inches. See 
Table IV for the summary of the ANOV A analysis. The F statistic of the comparison 
between the eddy current is 0.461, which was not statistically significant at the 0.05 Ievel. 
The correlation coefficient to the eddy current measurements is 0.82, which is a strong 
relationship. The correlation coefficient between the difference in the measurements and 
the relative dielectric constant was 0.38, which is a mild relationship. 
Error Budget Analysis 
The formula used for the error budget analysis is as follows: 
total uncertainty = 2(I.uncertainty 2) 112, (1) 
Table III. Summary of comparison of tint type I samples 
Color ECmean Ecsdev PTmean PTsdev t Capacit e er EC-PT 
(mils) (mils) (rnils) (rnils) (pF) (xlQ-12) (rnils) 
orange 1.31 0.23 1.22 0.17 0.704 64 27.55 3.1 0.09 
tan 2.44 0.15 2.41 0.36 0.172 60 47.83 5.4 0.03 
black 1 2.06 0.07 2.11 0.2 -0.528 55 36.71 4.1 -0.05 
yllw bm1 1.82 0.11 1.77 0.28 0.372 63 37.63 4.2 0.05 
drk bl1 2.28 0.16 2.21 0.17 0.670 53.5 39.42 4.4 0.07 
brght 1.84 0.12 1.95 0.14 -1.334 60 36.07 4.1 -0.11 
1yllw 
or yllw1 1.59 0.14 1.68 0.21 -0.797 52.8 27.09 3.1 -0.09 
or yllw2 1.8 0.13 2 0.18 -2.014 58.6 34.39 3.9 -0.2 
drk bl2 1.66 0.05 1.59 0.22 0.694 60 32.54 3.7 0.07 
drk bl3 1.49 0.03 1.34 0.34 0.983 56.4 27.3 3.1 0.15 
orred 1.94 0.07 1.72 0.25 1.895 58 36.65 4.1 0.22 
prpl red 1.66 0.16 1.56 0.28 0.693 60 32.54 3.7 0.1 
yllw gm 2.95 0.04 2.73 0.19 2.534 50 47.32 5.3 0.22 
red 2.34 0.36 2.11 0.19 1.263 53 40.04 4.5 0.23 
black 2 1.05 0.06 1.14 0.1 -1.726 72.1 25.11 2.8 -0.09 
Source oj ss df MS F P-value F crit 
Variation 
Sampie 30.088 14 2.1492 56.264 7E-46 1.775 
Gage 0.1485 1 0.1485 2.6546 0.12 3 
SxG 0.7833 14 0.0560 1.4647 0.1348 1.775 
Within 4.5837 120 0.0382 
Total 35.604 149 
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Table IV. Summary of comparison of tint type 2 samples 
Color ECmean Variance PTmean Variance t Capacit € er EC-PT 
(mils) (mils) (mils) (mils) (pF) (xi0-12 ) (mils) 
lpurple 3.75 0.0142 3.93 0.0098 -2.60 53 64 7.2 -0.18 
royal 3.12 0.007<J 3.25 0.065 -1.08 52.3 53 5.9 -0.13 
blue 
lprple red 2.3f 0.0057 2.55 0.0062 -3.89 57.6 44 5.0 -0.19 
darkred 2.7 0.0178 2.72 0.108 -0.13 55.6 49 5.5 -0.02 
red 2.64 0.0077 2.57 0.008 1.25 56 48 5.4 0.07 
brwn 2.82 0.049S 2.63 0.0143 1.68 53.5 49 5.5 O.IS 
omg 
dark blue 3.33 0.008 3.19 0.00085 3.33 51.5 55 6_1 0.1.:1 
black 1 1.98 0.06 1.99 0.075_() -0.06 62.5 41 4.6 -0.01 
black 2 2.18 0.019 2.48 0.0144 -3.67 53 37 4.2 -0.3 
orange 2.74 0.012 2.91 0.18573 -0.85 55.9 5_Q 5J -0.17 
yellow 2.94 0.027 2.89 0.04375 0.4..:: 54 51 5.8 0.05 
!gold 2.47 0.0029 2.63 0.1212 -1.01 52 41 4.7 -0.16 
kelly 2.99 0.067 2.696 0.0167 2.27 59 58 6.5 0.294 
green 
Source oj ss df MS F P-value F crit 
Variation 
Sampie 25.332 1.< 2.144 57.5E 2.5E-4C 1.846 
Gage 0.03E 1 0.036 0.467 3 
SxG 0.9079 1.< 0.076 2.03 0.03 1.85 
Within 3.87.::1 104 0.0372 
Total 30.551 12S 
where the uncertainty terms include known sources or estimates of errors. A factor of 2 is 
included to account for unknown sources of errors. The error terrns include the variation in 
the fiberglass thickness, the variation in permittivity, the variation between trials, the 
variation between operators, the variation in the analog/digital conversion and 
interpolation, and the variation of the plastic stock used in calibration. 
The effect of the curvature is included in the gage R&R factor because a sample panel 
of the horizontal stabilizer was used. In addition, the part geometry is such that the 
curvature in one direction of the part and the flat sensor causes the sensor to rock. 
Below is a tabulation of the expected error budget for primer and paint thickness of 
0.001, 0.003, 0.005, and 0.010 inches. Table V shows the standard deviations and 
variances of five known sources of uncertainty and are estimated based on experimental 
results. The row labeled "RSS" is the root sum of squares of the variances. The result is 
multiplied by two in the final row to allow for unknown sources of variation. 
The expected performance of the instrument is +/- 0.4 milli-inches or +1- 10 percent of 
the reading, whichever is greater. The main contributors to measurement variations are the 
location of the first layer or graphite fiber, the effect of the dielectric at the thicker 
readings, and the variation in the calibration. 
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Table V. Error budget analysis for thickness of 1, 3, 5, and 10 milli-inches. The total 
uncertainty is given in the last row 
St. Dev. (milli- Variance (milli-
inches) inches) 
Factor 1 3 5 10 1.0 3.0 5.0 10.0 
First layer 0.1 0.1 0.1 0.1 0.0100 0.0100 0.0100 0.0100 
Dielectric 0.04 0.04 0.1 0.2 0.0016 0.0016 0.0100 0.0400 
GageR&R 0.04 0.07 0.07 0.07 0.0016 0.0049 0.0049 0.0049 
Electronics 0.03 0.03 0.03 0.03 0.0009 0.0009 0.0009 0.0009 
Calibration 0.1 0.1 0.1 0.1 0.0100 0.0100 0.0100 0.0100 
Root sum of 0.1552 0.1655 0.1892 0.2565 
variance 
2*root sum 0.3105 0.3311 0.3784 0.5130 
of variance 
CONCLUSIONS 
The program represents a significant development in the area of composite 
manufacturing. For the first time, there is an alternative to x-ray diffraction to measure 
paint thickness on graphite/epoxy composites. 
Uses other than paint thickness measurements on graphite/epoxy composites are the 
identification of first-layer fiber orientation and location of fiberglass splices and 
underlying structure. One process application where the instrument can be used is to 
control the surface preparation of graphite/epoxy composites. 
The instrument is easy to use. In fact, the capabilities of the unit are similar to an eddy 
current device. However, the paint thickness instrument date/time stamps each 
measurement for traceability. 
The close agreement between the eddy current measurements and the low correlation 
between the differences and the permittivity of the paint samples agree with earlier 
observations that the use of plastic shims to calibrate agreed with cross sections of samples. 
Given that the range of the instrument is restricted to 10.0 milli-inches, the effect of the 
perrnittivity changes should be small in relation to other sources of measurement 
variability. 
Further investigations in the effect and contribution of changes in the dielectric are 
recommended. A future enhancement may be a correction for the perrnittivity of the 
material so that an air gap could be used to calibrate the instrument. 
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